Precise, quantitative measurements of the thermal properties of human skin can yield insights into thermoregulatory function, hydration, blood perfusion, wound healing, and other parameters of clinical interest. The need for wired power supply systems and data communication hardware limits, however, practical applicability of existing devices designed for measurements of this type. Here, a set of advanced materials, mechanics designs, integration schemes, and wireless circuits is reported as the basis for wireless, battery-free sensors that softly interface to the skin to enable precise measurements of its temperature and thermal transport properties. Calibration processes connect these parameters to the hydration state of the skin, the dynamics of near-surface flow through blood vessels and implanted catheters, and to recovery processes following trauma. Systematic engineering studies yield quantitative metrics in precision and reliability in real-world conditions. Evaluations on five human subjects demonstrate the capabilities in measurements of skin hydration and injury, including examples of continuous wear and monitoring over a period of 1 week, without disrupting natural daily activities.
Introduction
Skin, as the largest organ of the body, plays a critical role in homeostasis and thermoregulation; it also determines external appearance and acts as a barrier to airborne toxins, preventing the diffusion of pathogens, pollutants and particulates. [1] [2] [3] [4] Conventional means for monitoring the biophysical properties of skin require either paste-on sensors with complex wiring schemes, [5] visual inspection from trained medical professionals, or handheld probes that involve precise calibration for pressure at the contacting interface. [6, 7] For applications in continuous monitoring and/or measurements in the home, such approaches fail to offer desired levels of convenience, comfort, ease of use, reliability, or accuracy. Recent advances in materials science and mechanical engineering form the basis of classes of electronic devices that are soft, thin, stretchable, and skin like in their physical properties. Such technologies sometimes collectively referred to as "epidermal electronics," can produce clinical-quality data streams in a range of settings and applications, [8] [9] [10] [11] [12] and they also support a collection of unusual measurement modalities and capabilities. One important example is in quantitative evaluations of thermal transport properties of the skin, as the basis for insights into physical changes related to hydration, blood perfusion, and to various related pathologies.
Extensive recent work demonstrates the capabilities of soft, conformal sensors based on thin, thermal elements that simultaneously function as high-precision (30 mK) thermometers and precisely controlled thermal actuators for quantitative measurements of this kind. When laminated onto the surface of the skin, low-power thermal actuation (≈2 mW) results in localized heating to temperatures below the threshold for sensation (ΔT ≈ 6 K). Measurements of temperature at and/or near the point of actuation yield time-dependent data (ΔT(t)) that can be analyzed using well-established algorithms [13, 14] to determine the thermal conductivity (k) and thermal diffusivity (α). Measurements of temperature, [15] thermal conductivity, [16] and heat capacity (the product of the heat capacity at constant pressure and the density is equal to the ratio of k skin to α skin ) [17] made in this way can yield detailed information on blood flow, [8] skin hydration, [14] wound healing, [18] sunburn, [19] and cellulitis. [20] Such sensors can be configured to assess properties of near-surface regions of the skin or at depths of up to of several millimeters [20] across nearly any location on the body [21] even including the fingernail, [22] from which measurements of the underlying nailbed tissue are possible.
All reported embodiments of such sensors rely on wired connections for power supply and data collection, thereby limiting usability as in-home diagnostic systems, wearable monitors, or as research tools for large-scale dermatological studies. The following presents a set of concepts in materials science, mechanical engineering, and electronics design that, when combined in an optimized platform, yield a lightweight, epidermal wireless thermal sensor (eWTS) that can operate in a battery-free mode via a standard smartphone, or radio-frequency (RF) reader, where data and power transmission occur via resonant inductive coupling using near-field communication (NFC) protocols. Systematic experimental and theoretical studies establish key mechanical, electrical and thermal design considerations for stable device operation across a range of practical conditions, including continuous use over many days during natural activities. Experiments on human subjects with healthy skin and various skin pathologies illustrate capabilities in precision measurements of skin temperature and thermal conductivity, as well as their relationship to hydration and trauma. The results have potential applicability in areas ranging from skin care and cosmetics, to clinical health and athletic performance.
Results

Device Construction and Operation
The device platforms reported here rely on metallic elements in thin, stretchable platforms designed to efficiently transfer heat to underlying biological tissue and to monitor the resulting time-dependent variations in the temperature at the surface. The low thermal mass (<10 mJ cm −2 K −1 ) of these sensors and their capacity to form intimate, conformal contacts to the skin are critical design considerations. [15] A schematic illustration of the eWTS appears in Figure 1A , highlighting these and other key features. The platform consists of two mechanically distinct components. The first incorporates an inductive coil for wireless power harvesting and a collection of electronic components for NFC-based data transmission and analog signal conditioning, all assembled on a flexible printed circuit board (flex-PCB; flexural rigidity, EI ≈ 3000 Pa m 3 ). This platform is compatible with commercial components and technologies, with sufficient thickness to offer robust mechanical properties for handling and manipulation. Mechanical characterization under different loading conditions appear in Figure S1 (Supporting Information). The second consists of a photolithographically defined pattern of Cr/Au (10/100 nm) encapsulated by a thin (3 µm) layer of polyimide (PI) on an elastomeric substrate (80 µm; EI ≈ 0.3 Pa m 3 ), as shown in Figure 1B . The Cr/ Au trace forms a stretchable sensor/actuator with linear, lowhysteresis behavior based on a well-defined temperature coefficient of resistance (TCR), where the experimentally measured TCR (0.0027 Ω Ω −1 K −1 ) correlates well with established values for thin gold films (0.0025-0.0034 Ω-Ω −1 K −1 ), [23] as shown in Figure S2 (Supporting Information). The PI layers mechanically and electrically isolate this structure. The soft, stretchable mechanics are apparent in Figure 1C , where gentle pressure from a cotton-tipped applicator easily deforms and elastically stretches the device. In accordance with design rules in epidermal electronics, [24] the low flexural rigidity and the effective low modulus facilitate conformal contact with the skin. The heterogeneous combination of a flex-PCB platform and a soft, ultrathin sensor/actuator represents a design that unites the most advanced concepts in epidermal electronics with commercially mature manufacturing approaches.
An opening in the flex-PCB serves as the location for integrating the epidermal platform via an acrylate-based, pressure-sensitive label adhesive (JMS 1170). A low-temperature Indium-based solder establishes electrical contact between these two components. A thin (80 µm) medical grade adhesive allows for reversible bonding (Q adhesion = 880 N m −1 ) of the flex-PCB to the skin. The sensor/actuator contacts the skin via the action of van der Waals forces (Q adhesion ≈ 5 N m
−1
). The small overall size (D = 1.6 cm), the low mass (200 mg), and the mechanical flexibility of the eWTS enable application on a range of body locations. An optical image of an eWTS on the neck of a human subject appears in Figure 1D , with enlarged views that highlight the key features outlined above. Application on the forearm allows for easy access with a smartphone, as shown in the optical images in Figure 1E ,F.
Wired measurements using this type of sensor/actuator offer the ability to tune key experimental parameters and to reveal important design considerations in actuation power and measurement resolution, as in Figure 2 . Here, mixtures of two commercially available silicone materials (Sylgard 184 and Sylgard 170, both from Dow Corning) with thermal conductivities that bound those of skin (k syl 184 = 0.19 W m −1 K −1 , k syl 170 = 0.5 W m −1 K −1 ) form skin phantoms for in vitro characterization. Lamination of a wired sensor on a skin phantom prepared in this way, followed by simultaneous temperature sensing and low-power actuation, results in a characteristic transient rise in temperature (ΔT(t)) whose behavior depends mainly on the thermal diffusivity (α phantom ) of the underlying material for times shortly following actuation (<100 ms) and on the thermal conductivity (k phantom ) at longer times (>2 s), [19] for the designs reported here. Representative data collected from samples of pure Sylgard 184 and pure Sylgard 170 appear in Figure 2A , for two different actuation powers, P act . Prior work shows that the thermal conductivity of the skin and correlates in linear fashion to its hydration, across a range of physiologically relevant values. [14, 19] As a result, the following discussion focuses on k. A simple, effective way of extracting k involves measurements of the change in local temperature at a known, fixed time interval after actuation (ΔT(t = t fixed )). This quantity varies inversely with k, as shown in Figure 2A . Increasing P act increases the change in temperature, resulting in larger absolute differences in (ΔT(t = t fixed )) for materials with different k, as shown in Figure 2B , thereby facilitating precise measurements of k.
The results of Figure 2C highlight these effects through measurements of ΔT(t = 6 s)) on six skin phantoms with different weight fractions of Sylgard 170 in Sylgard 184 (0%, 20%. 40%, 60%, 80%, and 100%), where values of k phantom can be estimated by an effective medium model, [25] across six values of P act (7.1, 5.0, 3.2, 1.8, 0.8, and 0.2 mW). Though the variation of k phantom with changing weight fractions of Sylgard 170 depends on a complex set of factors, including its morphology in the Sylgard 184 matrix, surface interactions, and the effects of percolation, [25] the relationship can be effectively quantified with a simple, second-order polynomial fit, as shown in Figure 2C . Averages and standard deviations follow from three successive measurements on each phantom for each P act . The measurement precision decreases with decreasing P act , as illustrated by the diminished correlation coefficients (R 2 ) for the fits, and the error bars increase due to increasing relative contributions to variability from ambient conditions such as convection and drift.
Small 2018, 14, 1803192 The correlations shown in Figure 2C can be used to convert changes in k (Δk), a derived quantity, to changes in ΔT(t = 6 s)), a directly measurable quantity, as shown in Figure 2D for different values of P act . Measurements of changes in skin hydration (water content, by wt%, Δw H2O,skin ) form an important application of the eWTS platform, and values of Δk skin can be translated to relative measurements of Δw H2O,skin using effective medium models, details of which appear in Figure S3 and Note S2 in the Supporting Information. The results of this conversion are in Figure 2D . The resolution in ΔT(t) realized with the analog front-end design implemented here (shown in Figures S4 and S5 and discussed subsequently in the Supporting Information) is ≈80 mK, as confirmed by quantitative comparison to IR imaging. The implication is a measurement precision in Δk of 0.02 W m −1 K −1 for P act = 2 mW, which corresponds to a precision in Δw H2O of <5%, in agreement with previous reports. [15] Additional validation studies appear in Figure S4 (Supporting Information).
The electronics rely on energy harvesting and communication through a 13.56 MHz antenna with a high Q factor ( Figure S5 , Supporting Information). The harvested power operates the complete circuit, including a microcontroller (ATTiny10) that enables precise timing and control over the thermal actuation of the eWTS and an analog driver and amplifier that allow high resolution, wireless measurements of ΔT(t). A schematic of the overall circuit appears in Figure 3A . The sensing section of the circuit is built around the resistive, thin-film metallic element (S1 ≈ 650 Ω), as the sensor/actuator, located at one arm of a balanced Wheatstone bridge (R2, R3, R4). Changes in temperature cause changes in resistance in S1 that are governed by the TCR of the thin metallic film its constructed from. For example, a local temperature increase of 5 K results in a resistance increase in S1 of ≈10 Ω, resulting in differential voltage changes (≈500 µV) with respect to the reference arm of the bridge. This differential voltage is amplified by an operational amplifier whose closed-loop gain is set by a feedback resistor (R5). To induce thermal actuation, the S1 timing is controlled by the microcontroller whose signal is buffered by an operational amplifier in a voltage-follower configuration that is on the same die (ADA 4505-2, Analog Devices Inc.) as the operational amplifier to ensure robust operation in an RF field. The value of R2 can be tuned manually via a miniaturized potentiometer (TC42X-2-202E, Bourns Inc.) to control the power dissipated in the sensing arm of the Wheatstone bridge. The amplified signal feeds into the analog-digital converter (ADC) of a bare-die NFC chip (AMS SL13A, AMS Inc.) that features a 10 bit ADC with a full range of 300 mV (300-600 mV). The resulting temperature resolution is ≈80 mK, consistent with measurements described previously. Raw data recorded from the sensor (V out ) by an NFC reader appear in Figure 3B , illustrating periods of actuation (On) and inactivity (Off), and transient changes in V out induced by actuation (ΔT(t)). Further details of the circuit are in the LTSpice simulations of Figure S6 (Supporting Information). Strains encountered in practical use cases can, potentially, delaminate the sensor from the skin, and/or affect resistive temperature measurements. As such, robust mechanical designs are essential to reliable operation. Even slight, partial delamination can significantly alter the measurement results because air has a thermal conductivity that is an order of magnitude lower than that of the skin and other soft tissues. [26] 3D finite element analysis (3D-FEA) indicates that the minimum work of adhesion required to maintain conformal contact between the skin and the eWTS for large, applied uniaxial strains (15%) that represent the practical limits for skin is ≈5 N m −1 . This requirement can be satisfied with skin-safe silicone or acrylate-based adhesives (work of adhesion > 50 N m −1 [27] ) as shown in Figure 3C . The required work of adhesion is low because the energy release rate, which is responsible for delamination, decreases with the device size [28] and the device diameter is only 16 mm.
The corresponding deformations of the device under these conditions and others such as twisting and bending, as shown in the 3D-FEA results of Figure 3D , result in peak strains of <0.1% in the copper antenna coil and in other key regions. Additionally, placement of the sensor/actuator near the neutral mechanical plane of the PI-metal-PI assembly (thicknesses of 3 µm, 110 nm, and 3 µm) results in similarly small strains (<0.1%), as shown in the inset images in Figure 3D . To summarize, the mechanical designs introduced here enable 1) strong, reversible, conformal contact between the skin and the sensor/actuator, 2) robust operation with commercial surface mounted (SM) analog and NFC electronic components, and 3) strain isolation of the sensor/actuator, the NFC antenna, and bare-die components. The construction leverages technologies in microfabrication, transfer printing, and laser structuring that are inherently scalable and aligned with low-cost manufacturing.
Thermal Characterization of Soft Materials and Fluids
Extensive comparisons to wireless data, IR imaging, and FEA models validate the measurement capabilities of the eWTS platform. Figure 4A shows IR thermographs of the sensor/actuator during operation in air (left) and on human skin (right). During actuation (i.e., the "On" period), 2 mW of thermal ) results in a higher local temperature rise in air than in skin. 3D-FEA simulations of heat flow through skin reveal that after actuation for 6 s, the characteristic depth of penetration of the heat is ≈1 mm (within the epidermis) and the ΔT(t = 6 s)) at the surface is ≈6.5 K. Note also that the NFC chip itself is a source of localized heating, as seen in Figure 4A . The overall layout of the device ensures, however, that the chip is sufficiently far from the sensor/actuator that its heating has little effect on the measurement, as shown in Figure S7 (Supporting Information).
Operation of the eWTS at 0.05 Hz and 33% duty cycle, results in data shown in Figure 4C . Comparing the measured voltage (red curve) with data from IR thermographs (black curve) yields a linear calibration that converts voltage to temperature. In this way, both the temperature rise (ΔT(t)) and the starting temperature (T(t = 0)) associated with each cycle of actuation yield data on thermal transport and baseline temperature, respectively. Drifts in the starting temperature (T(t = 0)) do not affect the temperature rise, as shown in Figure S8 (Supporting Information). Wireless measurements match those obtained with previously described wired systems, as shown in Figure 4E with IR imaging and with FEA simulations for a silicone skin phantom (Sylgard 170, k = 0.50 W m −1 K −1 ). As expected, the ΔT(t) measured on air and Sylgard 170 shows dramatic differences, where the data from Sylgard 170 exhibit a lower slope
short time scales (t < 1 s) and a lower saturation temperature (≈4 K, at t = 6 s) than those of air (>8 K), consistent with the large differences in thermal transport properties of these two materials.
In addition to thermal conductivity, measurements of this type can also quantify the convective effects of fluid flows near the surface of the sample under test, of relevance for quantifying rates of flow of biofluids in or under the epidermis. Studies performed using a slab of silicone with a catheter tube located at a depth of 1 mm, as shown in Figure 4E (top), illustrate the capabilities. The results in Figure 3D (bottom) correspond to operation of the eWTS at 0.05 Hz and 33% duty cycle for flow rates comparable to those associated with blood flow through macrovessels and near-surface subdermal catheters (Q flow = 0.5 and 1.0 mL min −1 ). [29] These data can be converted into flow rates using numerical models or calibration procedures. [30] A representative calibration appears in Figure S9 (Supporting Information).
Human Subject Studies of Skin Hydration
The human epidermis is a complex structure that consists of cornified outer layers and viable inner layers. The outer layers largely consist of squamified cells (corneocytes) and an interlayer lipid matrix, which, taken together, form a "brick and mortar" structure that prevents transepidermal water loss and absorption of airborne pollutants and pathogens via diffusion. [31] Free water in these layers serves a critical structural role in maintaining the parallel, lamellar structure of the lipid matrix, by forming hydrogen bonds to the polar head groups of the lipids. Typical moisture levels in the outer layers of the epidermis, such as the stratum corneum (SC) and stratum granulosum, are ≈20%. Levels that fall below ≈10% [31] result in poor barrier properties and the appearance of dry, flaky skin. Consequently, measurements of skin hydration are important in fields as diverse as dermatology, toxicology, and sports medicine.
The validation studies described above support the use of the eWTS platform for characterization of hydration levels in skin. [32] The existing commercial gold standard, an impedancebased measurement probe (Moisturemeter, Delfin Systems GmbH), provides a benchmark for comparison. [6] The series of images in Figure 5A highlight a procedure for studies that include an incubation time for the moisturizer to fully absorb into the skin and a process of eliminating any residual material by application and removal of a piece of tape (Scotch brand, 3M Inc.). Measurements include three adjacent locations on the right volar arm of a healthy subject (female, age 23) using three separate eWTS devices. One is treated with an alcohol wipe, another with a commercially available cream-based moisturizer (Nivea Inc.), and the third with a dry wipe. A single system of control and readout electronics allows successive wireless measurements from each sensor. An image of the experimental setup is in Figure 5B . The chosen moisturizer consists primarily of a hydrophobic humectant (glycerine), where a topically applied thin film of 5 mg cm −2 acts a barrier to escaping water from deeper, epidermal layers. The large gradient in water concentration that exists across the thickness of the epidermis (70% water by weight in the viable, deeper layers of the epidermis to 20% in a healthy stratum corneum [33] ) ensures strong diffusive transport of free epidermal water to the superficial skin layers, where it is trapped by the humectant.
Increased water content in the dry, outer layers affects thermal transport in two ways. First, the primary structural constituent of dry skin is type I collagen, [34] with k collagen = 0.15 W m −1 K −1 . Because water has a thermal conductivity of k water = 0.61 W m −1 K −1 (at 300 K), an increased filling fraction of water in the collagen matrix will increase the thermal conductivity of the skin, k skin as predicted by simple effective medium models, such as those shown in Figure S3 (Supporting Information). [14] Second, physical swelling and extension of the polymers of the skin matrix that follows from increases in free water content result in an increased phonon mean free path. [25, 35] Taken together, these effects enhance thermal transport through skin, consistent with values of ΔT(t) observed before and after the application of the moisturizer in Figure 5C . The case of the alcohol wipe shows no discernible effect.
Results of measurements on three healthy subjects ( Figure 5D ) reveal high levels of variability in the efficacy of topical moisturizers due to the complexity in the underlying mechanisms and the inhomogeneity of skin types. Application on the visibly dry, flaking skin on the volar forearm of subject 1 (male, age 26) leads to a large change in hydration, as captured by both the moisturemeter and the eWTS (ΔT(t = 6 s)). For skin with healthy appearance, the effect of the topical compound is smaller with subject 2 (male, age 23) than with subject 3 (female, age 24). In all three cases, measurements show a decrease in the hydrating effects with time, where the properties of the skin return to 70%, 96%, and 100% of their initial values 60 min after application, consistent with previous reports, likely due to wrinkle-induced defects in the cream. The continuous natural exfoliation of the stratum corneum also plays a role at longer time scales, allowing for diffusive water loss. . D) Time series measurements with an eWTS and a moisturemeter on three subjects with different hydration levels before and after the application of a topical moisturizing compound. E) Schematic illustration of body locations for application of a topical moisturizer (Vaseline; left) and measured transient temperature rise before and after application of moisturizer. F) Optical image of a subject's arm immediately after application of four different topical compounds, Aquaphor, Cream, Gel, and Vaseline (left) and 15 min later, after dry-wiping and tape exfoliation (right). Transient temperature response before and 15 min after application of each of these compounds. The "after" measurements are performed after dry-wiping and tape-exfoliation. In all cases, error bars correspond to standard deviations computed across three measurements.
These platforms can be easily mounted on different body locations, as illustrated by studies on the arm, neck, and leg shown in Figure 5E (left). Measurements before and 15 min after the application of moisturizer on a healthy subject (female, age 24) indicate that the strongest effects occur on the arm, followed by the neck, and then the leg, as shown in Figure 5E (right). Evaluations of different types of moisturizers highlight the dependence on the chemistry of these materials. Optical images immediately after, and 15 min after application of petrolatum, aloe gel, lotion, and cream appear in Figure 5F . In general, moisturizers rely either on the occlusive action of humectants (e.g., Vaseline, a type of petrolatum) to reduce rates of transepidermal water loss, the absorptive effects of emollients (e.g., gel) to trap ambient moisture, or some combination of these. Measurements shown in Figure 5F reveal that pure petrolatum (Vaseline) induces the most pronounced changes in hydration, due to its lipid-rich structure, consistent with previous reports. [31, 36] Different types of moisturizing treatments result in different hydration profiles across the thickness of the epidermis, [37] suitable for probing with thermal techniques like those described here. [7] 
Human Subject Studies of Changes in Thermal Transport of the Skin Due to Trauma
Blood flow through near surface vessels can also affect thermal transport through near-surface skin layers, particularly, the upper dermis and lower epidermis. This type of flow is not directional, as in a macrovessel such as a vein or artery, but rather represents isotropic thermal transport that can be modeled as a modification of the heat diffusion equation (HDE) that incorporates volumetric perfusion. [38] [39] [40] [41] [42] Here, an increase in perfusion results in an effective increase in k skin . By contrast, trauma, such as a class II burn injury, leads to ischemia and ultimately necrosis in dermal layers, causing a significant reduction in viable, perfused tissue, and therefore a reduction in k skin . [43] Optical images of the right volar forearm of a burn victim (female, age 23) are in Figure 6A , showing burnt, perilesional skin and healthy skin. The reduced rates of thermal transport in burnt skin, relative to healthy and perilesional skin, are apparent in measurements performed 2 days after the burn, on each of the three skin types highlighted above Figure 6B .
In contrast to burn-induced reductions in near-surface perfusion, other types of skin trauma such as slap-induced dermatographic urticaria results in inflammation and hyperemia, apparent as redness on the volar forearm of an otherwise healthy subject (male, age 26) in Figure 6C . Hyperemia results in increased rates of thermal transport due to the increased volume of blood perfusing the same control volume of tissue. [40] Typical symptoms of inflammation due to urticaria last ≈10 min, [30] consistent with the data of Figure 6D that suggest initial increases in thermal conductivity that gradually return to their baseline values.
Small 2018, 14, 1803192 Figure 6 . Human subject studies of changes in the thermal properties of skin due to trauma. A) Optical image of a subject's arm, collected 2 days after suffering burns, showing burnt, healthy, and perilesional locations. B) Measured temperature increase 6 s after actuation at each of these three locations. C) Optical image of a subject's arm 2 min after dermatographic urticaria, showing inflammation and redness. D) Measured temperature increase 6 s after actuation before, and 2, 5, and 10 min after urticaria.
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Continuous, Stable Operation in a Range of Conditions
The miniaturized, rugged construction, the flexible mechanics, the lightweight, battery-free operation, and the waterproof designs of the eWTS platform allow continuous wear and monitoring over many days. As a demonstration, a subject (female, age 24) wore the eWTS for 1 week, without disruption to routine activities such as exercise, showering, and sleeping. Here, a thin, breathable layer of medical tape (Tegaderm, 3M Inc.) covered the device (further images with covered eWTS are in Figure S10 in the Supporting Information). The NFC protocols are insensitive to ambient water content, [44] thereby allowing for stable operation even during complete immersion in water, as illustrated in Figure 7A , although such conditions strongly influence the thermal characterization results.
Raw data (ΔT(t)) from measurements performed twice a day (at 10:00 am and 5:00 pm) throughout the testing period illustrate the reliability and stability of the measurement, as summarized in Figure 7B . Measured values of ΔT(t = 6 s) along with data collected using the moisturemeter applied at adjacent locations of the skin validate the measurements are shown in Figure 7C . As expected, the two quantities vary inversely with each other, with increased hydration resulting in increased values of k skin . In the absence of external moisturizing compounds or treatments, variations in hydration are likely influenced by fluctuations in ambient temperature and humidity, [1, 31, 45] with further data in Figure S11 (Supporting Information). The eWTS forms a nonirritating, comfortable interface for the user, as supported by an optical image recorded after 1 week of continuous use ( Figure 7D ) that reveals no signs of inflammation or irritation.
Discussion
Error, Noise, and Uncertainty
The analog circuit designs reported here support measurement precision of ≈20 mK, but are constrained by software limitations, resulting in a measurement precision of ≈80 mK, capable of resolving the thermal conductivity to 0.02 W m −1 K −1 , as discussed above. The effects of decreased measurement precision in temperature are apparent in Figure S12A ,B (Supporting Information). For a temperature resolution that is worse than 300 mK, the measurements can only distinguish skin phantom materials with differences in thermal conductivity that are larger than ≈0.05 W m −1 K −1 . Effects of the surface texture of the skin and convective transport due to ambient air flows appear in Figure S12C (Supporting Information). The latter studies use flat silicone samples and the former use textured silicones created by casting against a relief pattern created by a fingerprint. Measurements show differences of <2% in ΔT(t = 6 s) with error bars from standard deviations across three measurements that exhibit an increase of ≈5% from the untextured case. Studies of the effects of convection involve measurements with the device in an enclosure to prevent air currents. Comparisons to measurements made without the enclosure show values of ΔT(t = 6 s) that are <5% higher than those of the uncovered case, due to the effects of convective cooling. These two measurement conditions yield nearly identical (<1%) standard deviations, likely due to the short (6 s) measurement times.
An additional consideration in measurement performance is a timing uncertainty of 40 ms that is inherent to the ADC sampling rate and communication protocol of the NFC Chip (ISO 15693). Multiple measurements, typically five in succession with the highest and lowest values discarded and the remaining three values averaged, can minimize the effects of such uncertainties. The error bars suggest 5-10% measurement uncertainty. Finally, we note that the precision of our system is limited by the wireless software readout to 1 mV, and, as such, the contributions of ambient and RF noise play a minimal role relative to code transition noise as seen in Figure S12D (Supporting Information).
Implications for Clinical Monitoring
The results presented here establish a set of concepts in electrical, mechanical, and materials design as routes to lightweight, wearable sensors for multimodal thermal characterization with precision comparable or superior than that of the clinical gold standard. The versatility and robustness of the sensing platform allow for precise measurements of temperature, skin hydration, and changes in vascular perfusion associated with trauma and wound healing, suggesting broad utility in clinical monitoring. The rugged, lightweight, battery-free design allows for continuous use over periods spanning a week, with power and data transmission via NFC protocols that are available on most smartphones and stationary radio-frequency identification (RFID) readers. The sensor design suggests pathways for low-cost scaling and manufacture to meet the demands of large study populations, with ultimately utility in clinical and at home monitoring performed by nonspecialist users.
Experimental Section
Fabrication of the Epidermal Sensor: Fabrication began with spin casting a sacrificial layer of (poly)methyl methacrylate (PMMA 495, A5, Microchem, 1.2 µm) on an undoped 4″ silicon wafer followed by spin casting and curing a layer of polyimide (PI 2545 HD Microsystems, 3 µm). Electron beam evaporation and photolithographic patterning defined a bilayer of Cr/Au (10/100 nm) into a geometry suitable for use as a thermal sensor/actuator. A second layer of PI (3 µm), spin cast and cured, completely encapsulated the sensor/actuator and electrical interconnects. Photolithography followed by O 2 plasma reactive ion etching (RIE) patterned the PI into the desired geometry and created openings for external electrical connections. Immersion in warm acetone removed the PMMA and allowed retrieval of the entire structure onto a cellulose-based, water-soluble tape (Aquasol Inc.). Depositing a layer of SiO 2 onto the back side facilitated bonding to a thin layer of (poly)-dimethyl siloxane (PDMS) (Sylgard 184, Dow Corning, 100 µm) on a PMMA-coated glass slide (75 mm × 50 mm). Exposing the PDMS to ozone in a UV-O cleaner for 5 min resulted in bonding to the SiO 2 on the device upon physical contact via condensation reactions of OH groups at the surface. Warm water dissolved the water-soluble tape, leaving behind the device on the PDMS.
Fabrication of the Flex-PCB and Integration with the Epidermal Sensor:
Fabrication began with laser structuring a commercially available high-density, electrodeposited trilayer film of copper/PI/copper (18 µm/75 µm/18 µm, Pyralux, DuPont Inc.), followed by successive cleaning in baths of flux (Worthington Inc.) isopropanol and deionized water. Key active and passive components (NFC Chip, microcontroller, operational-amplifier, matching capacitors, bridge resistors, and tuning resistors) were assembled via reflow soldering with low-temperature solder (Indium Corporation). A commercially available acrylate-based, pressure-sensitive adhesive (JMS, 1170) mechanically bonded the flex-PCB to the soft sensor, and low-temperature reflow soldering established electrical connections.
Simulation of the Circuit: The device elements associated with the analog front end were simulated using a circuit model on a freely available software package (LTSpice). Varying critical parameters allowed for facile tuning of the circuit, that allowed for efficient, high-throughput fabrication. Further details of the model are shown in Figure S5 (Supporting Information).
Thermal Characterization: Experiments involved mounting eWTS devices onto substrates with thicknesses greater than the penetration depth of the thermal field (>5 mm) and recording data from five successive actuation cycles. Discarding the highest and lowest values eliminated the outliers, and the remaining three measurements yielded the average value and standard deviation. Simultaneously collected thermographs from an IR camera ((FLIR A6255sc, FLIR Systems Inc.) validated the measurements.
Thermal and Mechanical FEA Models: The commercial software ABAQUS (ABAQUS Analysis User's Manual 2010, V6.10) determined the thermal conductivities of the skin in different conditions by fitting experimental results. Hexadedron elements (DC3D8) modeled the thermal sensor with a minimal mesh size of 1/4 of the wire width (2.5 µm) of the thermal sensor. FEA also provided mechanical insights. The device was mounted on skin (50 × 40 × 2 mm 3 ) and subjected to bending and twisting. For bending, the displacement field applied to the bottom surface of the skin corresponded to a bending radius of R = 1 cm ( Figure 3D ). For twisting, the two ends of the skin were subjected to 180° relative rotation ( Figure 3D ). The PDMS substrate, skin, and adhesive layer were modeled by hexahedron elements (C3D8R), while the thin Cu, Au, and PI films were modeled by composite shell elements (S4R). The number of elements in the model was ≈10 7 , and minimal mesh size was also 1/4 of the wire width (2.5 µm) of the thermal sensor in the mechanical simulation. The mesh convergence of the simulation was guaranteed for all cases. The elastic modulus and Poisson's ratio used in the simulations were: 1 MPa and 0.5 for the PDMS substrate; 0.13 MPa and 0.5 for the skin; 0.06 MPa and 0.5 for the adhesive; 119 GPa and 0.34 for Cu; 79 GPa and 0.4 for Au; and 2.5 GPa and 0.34 for PI.
Human Subject Studies: Each subject gave full, informed, signed consent before participating in on-body experiments. The data acquisition for all the trials reported below followed the same procedure, and was as follows. Mounting the eWTS on relevant skin locations and recording data from five successive actuation cycles yielded raw data. Discarding the highest and lowest values of each of these measurements and computing averages and standard deviations for (ΔT(t = 6 s)) from the resulting curves produced experimental data points and error bars, respectively.
Studies of Skin Hydration: The trial began by identifying locations on the volar forearms of consenting volunteers devoid of near-surface macrovessels. After 15 min following initial application, exfoliating the surface by applying and removing a piece of tape and then cleaning with a fresh, dry wipe removed residual moisture. The same procedures yielded "after data points. Evaluations using a moisturemeter (Delfin Systems gmbh) simultaneously with eWTS measurements provided some comparison data. An acrylate fiber-based ultrathin (80 µm) medical grade adhesive (3M Inc.) laser cut into the shape of the device, facilitated mounting on the skin.
Studies of Skin Burns:
The trial began by identifying locations of severe burns on the right volar forearm of a volunteer (female, age 24), followed by demarcation into burnt, perilesional, and healthy locations,
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Small 2018, 14, 1803192 and the measurement procedure listed above. Simple, untreated Sylgard 184 (Dow Corning), relying solely on van der Waals interaction and without the use of any adhesives formed the interface between the sensor and the burnt skin.
Studies of Slap-Induced Dermatographic Urticaria: The trial began by identifying a region of the volar forearm of an informed, consenting volunteer (male, age 26) who was devoid of prominent near-surface blood vessels. Administering a single slap with three fingers resulted in an immediately apparent hyperemia and redness. Measurements with an eWTS followed the procedures listed above, at 120, 300, and 600 s after the redness became apparent.
Long-Term Monitoring: Mounting an eWTS on the volar forearm of a subject using the procedures listed above, and then covering the sensor with a single layer of conformal, breathable medical dressing (Tegaderm, 3M Inc.) served as the starting point for the studies. The volunteer performed normal routine activities such as sleeping, showering, and exercising over 7 successive days. Measurements were performed indoors each day, at 10:00 am and 5:00 pm. Three successive measurements with the moisturemeter, performed at the same time as those with the eWTS, yielded data for comparison. Weather logs for Evanston, IL, USA, for the dates and times of the study (weather.com Inc.) yielded ambient temperature and humidity data.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
